The rare decay B 0 s → µ + µ − plays a key role for the testing of the Standard Model. It is pointed out that the sizable decay width difference ∆Γs of the Bs-meson system affects this channel in a subtle way. As a consequence, its calculated Standard Model branching ratio has to be upscaled by about 10%. Moreover, the sizable ∆Γs makes a new observable through the effective B 0 s → µ + µ − lifetime accessible, which probes New Physics in a way complementary to the branching ratio and adds an exciting new topic to the agenda for the high-luminosity upgrade of the LHC. Further probes of New Physics are offered by a CP-violating rate asymmetry. Correlations between these observables and the B 0 s → µ + µ − branching ratio are illustrated for specific models of New Physics.
Introduction
In the Standard Model (SM), the decay B 0 s → µ + µ − arises only from loop contributions related to penguin and box topologies, as can be seen in Fig. 1 , and is helicity suppressed, resulting in a strongly suppressed branching ratio which is proportional to m 2 µ . As only leptons are present in the final state, the hadronic sector is very simple and described by a single non-perturbative parameter, the B s decay constant F Bs , which is defined through the relation 
In view of these features, B 0 s → µ + µ − belongs to the cleanest rare B decays Nature has to offer and represents an outstanding probe for physics beyond the SM.
In the SM, the parametric dependence on the relevant input parameters is given as follows: where M t is the top-quark mass, τ Bs the B 0 s -meson lifetime, and V * tb V ts the relevant combination of elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
Concerning the SM prediction of the B 0 s → µ + µ − branching ratio, there has recently been important progress in lattice QCD, 3 which is reflected by the result F Bs = (227.7 ± 4.5) MeV, while progress on the experimental side 4 led to an improved measurement of τ Bs = (1.516 ± 0.011) ps. In Fig. 2 , the corresponding error budget for the SM value of the B 0 s → µ + µ − branching ratio is shown. On the theoretical side, 5 there was important progress thanks to a very impressive calculation of NLO electroweak effects 6 and NNLO QCD matching corrections, 7 resulting in
which supersedes the prediction in Ref.
2.
Thanks to the impact of New Physics (NP), i.e. physics beyond the SM, the branching ratios of the B 0 s,d → µ + µ − decays could have been enhanced significantly, in particular in supersymmetric flavor models (see, for instance, Refs. 8, 9 and references therein). In view of this feature, there was the exciting possibility to observe B 0 s → µ + µ − already at the Tevatron in the previous decade. As the Tevatron collider is now legacy, the CDF and D0 collaborations have presented their final results on the search for B 0 s → µ + µ − , corresponding to the 95% C.L. upper bounds 15 × 10 −9 and 31 × 10 −9 , respectively.
10, 11
The analysis of the rare B +1.1 −1.0 ) × 10 −9 , respectively. The average of these LHC measurements is given as follows:
It should be noted that the limiting factor for the BR(B s → µ + µ − ) measurementand actually all B s branching ratios -is given by the ratio f s /f d of the corresponding fragmentation functions.
16, 17
It will be interesting to keep an eye on B
The current information on the branching ratio reported by the CMS and LHCb collaborations is given by
where the upper bounds refer to the 95% C.L., resulting in the LHC average
On the other hand, the SM prediction is given as follows:
The current experimental errors are too big to draw conclusions about physics beyond the SM model. However, should a result around the central value in (6) be established in the future, it would immediately rule out the SM and its extensions with "Minimal Flavor Violation" (MFV). 
Branching Ratios of
The time evolution is described by an appropriate Schördinger equation. It is solved by introducing mass eigenstates B H s ("heavy") and B L s ("light") which are characterised by the differences
of their masses and decay widths, respectively. A characteristic feature of the B smeson system is a sizeable decay width difference ∆Γ s , which has been expected on theoretical grounds since decades; for a recent review, see Ref. 19 . In contrast, the decay width difference of the B d -meson system is negligibly small. Recently, a non-zero value of ∆Γ s has actually been established at the 6 σ level by LHCb:
where the decay width parameter y s characterises the impact of ∆Γ s in formulae to be given below. In view of the sizeable decay width difference ∆Γ s special care has to be taken when dealing with branching ratios of B s -meson decays.
21, 22 The starting point for the analysis of branching ratios is the following "untagged" rate, where no distinction between initially, i.e. at time t = 0, present B 0 s orB 0 s mesons is made:
The "experimental" branching ratio refers to the time-integrated untagged rate:
On the other hand, in theoretical analyses, usually the following "theoretical" branching ratio is considered:
By considering t = 0, the effect of B 
Probing New Physics with B 0 s → µ + µ − : Status and Perspectives 5 the experimental branching ratio can be converted into the theoretical branching ratio. 21 While the decay width parameter y s has already been measured, the observable A f ∆Γ depends on the considered decay and generally involves non-perturbative parameters. As can be seen in Fig. 3 , the differences between the two branching ratio concepts can be as large as O(10%) for the measured value of y s in Eq. (10) .
In order to determine the process-dependent value of A f ∆Γ , typically theoretical assumptions have to be made, such as using the SU (3) flavor symmetry in the case of non-leptonic B s decays (for a compilation of results, see Ref. 21) . For the extraction of the theoretical branching ratio, it is desirable to avoid theoretical input. This can be achieved by means of a measurement of the effective B s → f decay lifetime:
which yields
On the right-hand side of this expression, only quantities enter which can be measured. Once information on the effective decay lifetime is available, which requires a time-dependent measurement of the untagged B s decay rate as can be seen in Eq. (15), Eq. (16) is advocated for the determination of theoretical branching ratios for particle listings by the Particle Data Group. 21 For a discussion of the branching ratio measurements of B s → V V decays into two vector mesons in the presence of a sizeable value of ∆Γ s , such as B s → J/ψφ, B s → K * 0K * 0 and B s → D * + s D * − s , the reader is referred to Refs. 21, 27, 28.
The subtleties discussed in the previous section apply also to the decay B 0 s → µ + µ − . In this case, the branching ratio serves as a sensitive probe for New Physics and it is essential -in view of the current experimental situation with branching ratio measurements falling into the SM regime -to assess the impact of the sizeable decay width difference ∆Γ s . As we will see below, this quantity offers -apart from the complication for the analysis of the branching ratio -a new observable to search for New Physics. The discussion in this section follows closely Ref. 22 .
Decay Amplitude
The low-energy effective Hamiltonian describing the decayB 0 s → µ + µ − is given as follows:
where G F is Fermi's constant and α denotes the QED fine structure constant. In the general Hamiltonian in (17) , only four-fermion operators with non-vanishing 
where P L,R ≡ (1 ∓ γ 5 )/2 and m b denotes the b-quark mass. The Wilson coefficients C i , C i encode the short-distance physics. In the SM, only the operator O 10 contributes with a real coefficient C SM 10 . The outstanding feature of theB
channel is the sensitivity to (pseudo-)scalar lepton densities, which are described by the O (P )S , O (P )S operators, having Wilson coefficients which are still largely unconstrained.
29, 30
In order to calculate the decay amplitude, it is convenient to go to the rest frame of the decayingB 
The e iφCP(µµ) is a convention-dependent phase factor which cancels in the observables discussed below. The general expression for the decay amplitude (with η L = +1 and η R = −1) reads as
Here the following combinations of Wilson coefficient functions were introduced:
where the ϕ P,S are CP-violating NP phases. As indicated, the P and S were introduced in such a way that they equal 1 and 0 in the SM case, respectively. In Eq. (20), F Bs denotes the B s decay constant as introduced in Eq. (1), M Bs and m µ are the B s and muon masses, respectively, while m s denotes the strange-quark mass.
CP Asymmetries
For the calculation of the CP asymmetries and the untagged rate of B s → µ + µ − , the following observable is required:
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Using ( 
The convention-dependent phases cancel in ξ λ , which takes the form
satisfying the relation
The time-dependent CP asymmetry, which requires tagging to distinguish initially, i.e. at time t = 0, present B 
.
(28) The observables entering this expressions do not depend on the decay constant F Bs , in contrast to the branching ratio in (2), and read as follows: (31) where also the corresponding SM values are given. The phase φ 
It should be noted that
are independent of the muon helicity λ. Neglecting the impact of ∆Γ s , CP asymmetries in B s,d → + − decays were considered for various NP scenarios in the previous literature.
31-33
Since it is difficult to measure the muon helicity, we consider the rate
8 Robert Fleischer and in analogy for the CP-conjugate process. The corresponding CP-violating rate asymmetry takes the form
where the C λ ∝ η λ terms entering Eq. (28) cancel. It would be most interesting to measure this CP asymmetry as a non-zero value would signal CP-violating NP phases, as will be discussed in detail below. Unfortunately, this is challenging in view of the tiny branching ratio and as tagging and time information are required.
Untagged Rate and Branching Ratio
The first measurements of the B s → µ + µ − channel discussed in Section 1 concern the experimental branching ratio:
i.e. the time-integrated untagged rate, with
With the help of the relation
we may convert the experimental branching ratio into the theoretical branching ratio, which refers to t = 0. The observable A µµ ∆Γ depends on possible NP contributions and is hence unknown, thereby satisfying A µµ ∆Γ ∈ [−1, +1]. Consequently, there are two options for dealing with the theoretical interpretation of the measured, time-integrated branching ratio:
(i) Add an extra error to the experimental branching ratio:
(ii) Use the SM value A µµ ∆Γ | SM = +1 to calculate a new SM reference value for the comparison with the time-integrated experimental branching ratio BR(B s → µ + µ − ). To this end, BR(B s → µ + µ − ) SM has to be rescaled by the factor 1/(1 − y s ), which results in
Once more and more data are collected and also the decay time information for the untagged data sample is used, the effective can be determined, which allows the extraction of the observable
The physics information encoded in τ µµ and A µµ ∆Γ is equivalent. Finally, using
which involves only measurable quantities on the right-hand side, the theoretical B s → µ + µ − branching ratio can be extracted directly from the data. 22 Authors have started to include the effect of ∆Γ s in analyses of constraints on NP which are implied by the measured BR(B s → µ + µ − ) in the recent literature (see, for instance, Refs. 29 and 34-40).
Probing New Physics with
In the following, we assume that the B 0 s -B 0 s mixing phase φ s will be precisely known by the time the B s → µ + µ − observables introduced in the previous section can be measured, 41, 42 which will allow the determination of the NP phase φ NP s . In order to perform a test of the SM with the measurement of the B s → µ + µ − branching ratio, it is useful to introduce the following ratio:
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The current situation corresponds to
Looking at Eq. (44), we observe that R does not allow a separation of the P and S contributions. Sizable NP contributions could be present in B s → µ + µ − , even if R is measured with a value close to R SM = 1.
This situation can be resolved with the help of additional information, which is offered by the measurement of the effective lifetime τ µµ or -equivalently -the observable A µµ ∆Γ :
In Fig. 4 , the current constraints in the |P |-|S| plane are shown with an illustration of the contours following from a future measurement of A µµ ∆Γ . In the calculation of the latter curves, it was assumed that there are no CP-violating NP phases ϕ P and ϕ S , as is the case, for instance, in NP models exhibiting MFV without flavour-blind phases.
In Ref.
2, detailed discussions of the regions in the R-A µµ ∆Γ plane that are allowed by current data are given for a variety of scenarios:
• P = 1 +P (P free) and S = 0: the deviation of A 
[
In addition to the discussion of these general scenarios, also detailed analyses within specific NP models were performed in Ref. 2:
• Tree-level neutral gauge boson exchange, characterised by
Various scenarios can be distinguished: left-handed scheme (LHS) with complex ∆ • Tree-level neutral (pseudo)scalar exchange:
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In the exploration of the allowed regions in observable space, it is important to take also experimental constraints on B 
which illustrates the sensitivity to CP-violating NP phases.
Summary and Outlook
We live in exciting times for studies of leptonic rare B (s) -meson decays. Concerning B d → µ + µ − , the average of the CMS and LHCb results for the branching ratio is given by 3.6
−10 while the SM prediction reads (1.06 ± 0.09) × 10 −10 . The large central value of the experimental average would immediately imply NP and would rule out models with MFV. But the large error does unfortunately not allow us to draw conclusions at this point. It will be very interesting to monitor the future evolution of the data.
Concerning B s → µ + µ − , there is finally evidence for this channel in the data of the CMS and LHCb collaborations. The corresponding LHC average for the measured branching ratio is given by BR(B s → µ + µ − ) = (2.9 ± 0.7) × 10 −9 . This result falls well into the SM regime although the error is still sizeable.
The interpretation of this measurement is affected by a -seemingly -unrelated topic, which is the recent development that a non-vanishing value of the B s decay width difference ∆Γ s was established by the LHCb collaboration. In view of this result, special care has to be taken when dealing with branching ratios of B s decays, distinguishing in particular between the "experimental" and "theoretical" branching ratios. Apart from this complication, ∆Γ s offers new observables which are encoded in the effective lifetimes of B s decays. The most relevant application concerns the search for NP with B s → µ + µ − . The SM reference value for the comparison with the time-integrated experimental branching ratio including the ∆Γ s effects is given as follows:
using the most recent theoretical analysis of Refs. 5, 6, 7.
Apart from a more precise measurement of BR(B s → µ + µ − ), the next conceptual step is the analysis of the time-dependent untagged B s → µ + µ − rate and the determination of the effective lifetime τ µµ . The sizeable ∆Γ s offers access to A µµ ∆Γ , which is a new theoretically clean observable to search for NP. In contrast to the branching ratio, the dependence on the B s decay constant F Bs cancels out. Interestingly, A µµ ∆Γ may reveal NP effects even if the branching ratio is found close to the SM prediction. Using in addition tagging information to distinguish between initially present B 0 s orB 0 s mesons, the CP asymmetry S µµ can be extracted from the time-dependent rates.
Thanks to still largely unconstrained (pseudo-)scalar operators O (P )S , O (P )S there is still sizeable space for NP to manifest itself in these observables. Correla- tions between R, A µµ ∆Γ and S µµ allow us to distinguish between different NP scenarios, with their specific effective operators and CP-violating phases. A particularly exciting scenario would be the detection of sources of CP violation originating from physics beyond the SM. The new B s → µ + µ − observables offer new studies for the LHC upgrade physics programme and may allow us to eventually reveal NP in B s → µ + µ − , one of the rarest and most fascinating decays Nature has to offer.
